Millions of people worldwide suffer from hearing and balance disorders caused by loss of the sensory hair cells that convert sound vibrations and head movements into electrical signals that are conveyed to the brain. In mammals, the great majority of hair cells are produced during embryogenesis. Hair cells that are lost after birth are virtually irreplaceable, leading to permanent disability. Other vertebrates, such as fish and amphibians, produce hair cells throughout life. However, hair cell replacement after damage to the mature inner ear was either not investigated or assumed to be impossible until studies in the late 1980s proved this to be false. Adult birds were shown to regenerate lost hair cells in the auditory sensory epithelium after noise-and ototoxic drug-induced damage. Since then, the field of hair cell regeneration has continued to investigate the capacity of the auditory and vestibular epithelia in vertebrates (fishes, birds, reptiles, and mammals) to regenerate hair cells and to recover function, the molecular mechanisms governing these regenerative capabilities, and the prospect of designing biologically-based treatments for hearing loss and balance disorders. Here, we review the major findings of the field during the past 25 years and speculate how future inner ear repair may one day be achieved.
Introduction
Damage and loss of hair cells in the inner ear through aging, exposure to noise, environmental chemical toxins, medications, disease and genetic disorders cause hearing and balance disorders in millions of people each year. In the past, clinicians seldom envisioned treatments of the inner ear to prevent hearing or balance disorders, or treatments to restore the cells that are damaged or lost. Instead, prevention of hearing loss is mainly limited to peripheral protection (e.g., ear plugs), and treatment is based on either increasing the stimulation of remaining hair cells (amplification) or bypassing the hair cells entirely (cochlear and brainstem implants). While enormous progress has been made during the past fifty years in those treatment modalities, we believe that during the next two-to-five decades, biologically-based methods will allow prevention of hearing and balance disorders and replacement of lost receptor elements through regeneration or transplantation. This prediction is based on two important discoveries that occurred over the past three decades. The first, with overwhelming importance to all of biology and medicine, is the discovery that most cell death is governed by the activation of a well-conserved and relatively small number of pathways that have been grouped together under the name of "apoptosis". This important discovery forms the basis for research aimed at developing treatments that will prevent a significant percentage of hearing and balance disorders. The second discovery was mainly of interest to hearing biologists; the discovery that most vertebrates have the capacity to repair and restore function to the damaged inner ear through the regeneration of hair cells. Most of this contribution will review the history of this latter discovery, highlighting some of the most important findings of the early period of the field. In addition, we indicate where some of this germinal research is providing exciting prospects for today and for the future.
The potential for new hair cell production throughout life in some vertebrates has been recognized for over 80 years. For example, Leon Stone studied regeneration of lateral line amputation and regeneration of the entire tail in amphibian embryos in the 1930s (Stone, 1933 (Stone, , 1937 . In the early 1980s, a number of groups showed continuous production of hair cells in the inner ear of mature rays and fishes (Corwin, 1981 (Corwin, , 1983 Popper and Hoxter, 1984) . These studies demonstrated that addition of hair cells to the periphery of vestibular epithelia in many cold-blooded vertebrates occurs throughout life, as the animals continually grow. Until the late 1980's, it was generally accepted that warm-blooded vertebrates could not form new hair cells after development, either normally or in response to damage. This assumption was not challenged for several reasons. First, it appears that earlier investigators had not attempted to examine the possibility that hair cells in the inner ear or lateral line organs of cold-blooded vertebrates would regenerate after localized damage to these organs. Furthermore, it was already known that little growth of inner ear sensory organs occurs in mammals or birds after they reach maturity, and that mammals show little recovery of hearing after hair cell damage (e.g., McGill and Schuknecht, 1976; Blakeslee et al., 1978; Li, 1992; Sliwinska-Kowalska et al., 1992) . Finally, it was generally assumed that post-embryonic production of sensory or neuronal cells in mammals is limited to a few unique sites, such as the olfactory neuroepithelium and taste buds (e.g., Farbman, 1990) and that specialized undifferentiated precursor cells were limited to these sites. Therefore, few if any researchers had investigated the possibility of hair cell regeneration in vertebrates. In both birds and mammals, all hair cells in the hearing organ (the organ of Corti in mammals and the basilar papilla in birds) are produced during embryogenesis or shortly thereafter (Ruben, 1967; Cotanche and Sulik, 1984; Katayama and Corwin, 1989) . Although some mitotic activities may continue after embryogenesis, the new cells apparently do not differentiate into hair cells . However, as discussed in detail below, serendipitous findings in two laboratories led to the realization that birds at any age can make new hair cells in their basilar papillae when damage has occurred (Cotanche, 1987a; Cruz et al., 1987; Corwin and Cotanche, 1988; Ryals and Rubel, 1988) . Further, the vestibular epithelia of birds and most other non-mammalian vertebrates normally renew their hair cells throughout life (Jørgensen and Mathiesen, 1988) , and production of new vestibular hair cells increases after damage (Weisleder and Rubel, 1993) . Hair cell replacement in auditory and vestibular epithelia following hair cell loss results in near-complete recovery of hearing and balance function (reviewed in Bermingham-McDonogh and Rubel, 2003 and discussed below) . These discoveries initiated a search for methods to stimulate regeneration or replacement of lost hair cells in mammals e a search that, if fruitful, will revolutionize the treatment of sensorineural hearing loss and balance disorders during this century.
In this review, we discuss the origins of some of the major trends in this field, which has now reached its 25th year anniversary and is virtually embryonic in the time-line of science. This is largely meant to be a historical account and therefore deals primarily with the period up to 2000, attempting to provide a historical perspective for the work presented in the remainder of this issue. Due to space limitations, we are unable to include a discussion of many relevant papers. Readers are encouraged to read the following articles or chapters for more comprehensive reviews of the literature: Corwin and Warchol, 1991; Stone et al., 1998; Bermingham-McDonogh and Rubel, 2003; Stone and Cotanche, 2007; Oesterle and Stone, 2008. While this research has yet to result in a new treatment for hearing loss or balance disorders, it has stimulated a field of scientific inquiry that has shed enormous light on the capacity of the inner ear for hair cell regeneration, and it has raised hopes that a biological treatment for the hearing impaired will be available in the near future.
Initial experiments: discovery of hair cell regeneration in birds
Two serendipitous and nearly simultaneous findings in the mid-1980's suggested that mature birds are able to restore the population of hair cells lost following exposure to ototoxic drugs or intense noise. In 1985 and 1986, Raul Cruz, Paul Lambert, and Edwin Rubel performed an experiment intended to examine the time-course of aminoglycoside-induced hair cell death to the chicken basilar papilla ( Fig. 1 ; Cruz et al., 1987) . A large group of neonatal chicks was injected daily with 50 mg/kg gentamicin for 10 consecutive days. Experimental and vehicle-injected control animals were allowed to survive varying amounts of time, ranging from 1 day to 3 weeks after the injection period. The goal of this study was simply to determine the onset of hair cell death in order to begin identifying cellular pathways that underlie aminoglycoside-induced hearing loss. Hair cell counts from serial section microscopic analysis revealed that, after the 10-day aminoglycoside treatment, hair cells were nearly totally eliminated in the basal one-third of the basilar papilla. A week later, the damage had spread to eliminate a majority of the hair cells throughout the basal two-thirds of the basilar papilla. Surprisingly however, the number of hair cells had been partially restored at the basal end where the initial hair cell death had occurred. After another 2 weeks, the number of hair cells throughout the basilar papilla appeared almost normal. These unexpected results constituted some of the first evidence that hair cells in warm-blooded vertebrates can regenerate after damage in post-mitotic auditory sensory epithelia.
While the Rubel group was counting hair cells following aminoglycoside ototoxicitiy, Douglas Cotanche was examining the neonatal chick basilar papilla following acoustic trauma using scanning electron microscopy (Cotanche, 1987a) . The initial purpose of these studies was to examine age differences in the topography of the frequency-place map (see Rubel and Ryals, 1983) . Pairs of chickens were subjected to a 1500 Hz pure tone for 48 h at 120 dB SPL. One group of chickens was sacrificed immediately, while the others were allowed to recover for 1e10 days. The basilar papillae were processed for scanning and transmission electron microscopy. Immediately following noise exposure, a large area of hair cell loss and damage was found in a tonotopically-stereotyped position. Remarkably however, 2 days later, small stereociliary bundles began populating the area where hair cells had been lost. In addition, apical surfaces of the cells with these small bundles bore a striking resemblance to immature hair cells and the sequence of stereociliary differentiation paralleled that seen in embryogenesis over the course of 10 days of recovery ( Fig. 2 ; Cotanche and Sulik, 1984; Cotanche, 1987b) .
Taken together, data from these two labs strongly suggested that new hair cells were being produced in the mature basilar papilla to replace those destroyed by aminoglycoside treatment or noise trauma. However, other interpretations were possible; aminoglycosides and noise may cause deterioration or dedifferentiation of hair cells to the extent that they were unrecognizable in the microscopic sections or that the stereocilia deteriorated, and then recovery ensued. Furthermore, even if hair cells were now taking the place of cells that had been destroyed by the treatments, investigators could not conclude that this involved the generation of new cells. It was possible that the damage induced supporting cells in the sensory epithelium (or other cells outside of the sensory epithelium) to transform into hair cells. This is not uncommon in tissues that show continuous cell turnover, as exemplified by olfactory receptor epithelium and taste buds (Beites et al., 2005; Miura et al., 2006) .
Proof that hair cells were being regenerated was rapidly provided by two studies that used 3 H-thymidine to label mitotically active cells in the inner ear of postnatal birds after noise exposure. This method makes use of the fact that the nucleic acid, thymidine, is incorporated into DNA during S-phase of the cell cycle. Thymidine then remains in the nucleus of the daughter cells for their lifespan, which enables investigators to identify cells born of mitosis. Using this method, two groups, Brenda Ryals and Edwin Rubel and Jeffrey Corwin and Douglas Cotanche demonstrated that damage to the avian basilar papilla causes a population of supporting cells to enter the cell cycle and to produce new cells, which subsequently differentiate into replacement hair cells and supporting cells (Corwin and Cotanche, 1988; Ryals and Rubel, 1988 ). An important and complimentary difference between these two studies was that, while Corwin and Cotanche studied neonatal chicks in which hearing is well developed, Ryals and Rubel's experiment was carried out on fully mature quail, removing any assertion that the ability of hair cells to regenerate is only a property of young animals. These studies also indicated that production of new hair cells did not occur in the neonatal chicken or adult quail basilar papilla unless there was hair cell damage. In the same year, however, Jørgensen and Mathiesen (1988) discovered that cell division and production of new hair cells in the budgerigar vestibular epithelium occurs spontaneously throughout life, without intentional hair cell damage. This was subsequently confirmed (Roberson et al., 1992) and extended to include damage-induced regeneration of hair cells in chicken vestibular sensory epithelia Rubel, 1992, 1993) . In summary, during the period between 1985 and 1993, it became clear that the assumption that warm-blooded vertebrates cannot restore hair cells after injury is wrong. Both young and adult birds can regenerate new hair cells to repopulate areas damaged by aminoglycosides or noise, and they continually replace vestibular hair cells throughout life. In addition, it soon became apparent that the ability to replace damaged hair cells was widespread across vertebrates and hair cell organ systems (Balak et al., 1990; Jones and Corwin, 1993; Baird et al., 1993; Lombarte et al., 1993) .
The discovery of hair cell regeneration had two critical ramifications for the field of hearing research. First, it stimulated a new vibrant area of investigation with the goal of identifying treatments to actually cure hearing loss (and balance disorders). Second, it provided the impetus for renewed interest in the study of inner ear development. While it was assumed that hair cell regeneration would recapitulate hair cell development in many ways, this discovery also made it clear that new hair cells could form in an environment that was quite different from the normal embryonic environment. Thus, it became clear that understanding the cellular and molecular processes underlying development would be essential for stimulating regeneration in the mammalian ear. Accordingly, one could consider this early work on regeneration as a stimulus for some of the developmental investigations seen in the reports that follow our introductory manuscript.
The source of hair cell regeneration: supporting cells and repair
The early studies that suggested new hair cells arise from mitotically dividing supporting cells (Ryals and Rubel, 1988; Corwin and Cotanche, 1988) were soon followed up by studies that confirmed this assumption. Further evidence for supporting cells as the source of regenerated hair cells after damage came from experiments performed in the lateral line neuromasts of live salamanders. These organs, found in amphibians and fish, contain both hair cells and supporting cells that are analogous in morphology and function to those in avian inner ear sensory epithelia. Balak et al. (1990) killed all hair cells residing in individual neuromasts using laser ablation, leaving only supporting cells in the epithelia. In vivo imaging allowed Balak and colleagues to follow supporting cells in the same neuromast over time, and they clearly observed supporting cells increase rates of cell division compared to control neuromasts, and daughter cells differentiate into both supporting and hair cells.
During the same period, studies carried out in avian auditory sensory epithelium demonstrated supporting cells become mitotically active as early as 18e24 h after the onset of noise exposure and 12 h after onset of hair cell loss (Girod et al., 1989; Raphael, 1992; Hashino and Salvi, 1993; Stone and Cotanche, 1994) . Girod et al. (1989) began 3 H-thymidine exposure during the last 6 h of an 18 h noise exposure paradigm and continued it for 6e24 h. They reported extensive proliferative activity in the damaged regions of the sensory epithelium 12e27 h after the beginning of the noise exposure. As to the source of the new hair cells, Girod et al. state, "At this time, none of the labeled cells had structural similarities with either hair cells or supporting cells in our Toluidine Blue stained material. Instead, they were cytologically indistinguishable from hyaline cells and cuboidal cells." This study concluded that, in the inferior region of the avian basilar papilla, supporting cells and hyaline/cuboidal cells are "potential precursor populations", based on the fact that they are the earliest cell types showing 3 H-thymidine incorporation. In more superior regions, it was clear that resident supporting cells were the precursors. Other authors have concluded that hyaline/cuboidal cells do not serve as progenitors to new hair cells after noise damage (Cotanche et al., 1995) ; rather, only supporting cells do, since they divide and give rise to both hair cells and supporting cells (Raphael, 1992; Hashino and Salvi, 1993; Stone and Cotanche, 1994) . Additionally, mitotic activity of supporting cells followed the spatial pattern of hair cell loss, suggesting the absence of hair cells signals supporting cells to re-enter the cell cycle (Fig. 3a) .
Studies on birds and amphibians also suggested a variety of other previously unknown reparative processes occur in the injured inner ear. These include replacement of lost hair cells through an unusual process called direct transdifferentiation (Beresford, 1990) , during which supporting cells convert into hair cells without dividing (Fig. 3b) . The first evidence for direct transdifferentiation came from several studies showing that blockade of mitosis after injury does not prevent new hair cell production in either the amphibian saccule (Baird et al., 1996 (Baird et al., , 2000 or the avian basilar papilla (Adler and Raphael, 1996) . The same conclusion was reached by Roberson et al. (1996 Roberson et al. ( , 2004 , who showed that many new hair cells were not labeled for 3 H-thymidine or bromodeoxyuridine following infusion of either nucleotide into the chicken inner ear using an osmotic pump during the entire period of regeneration. Finally, cells with morphological or molecular properties intermediate between supporting cells and hair cells were noted in regenerating sensory epithelia (Adler et al., 1997; Steyger et al., 1997) .
In addition to direct transdifferentiation, repair of injured hair cells was shown to be another response to hair cell damage. Both noise and drug exposure can cause injury to stereociliary bundles, giving the appearance that the hair cell itself has been lost from the epithelium. Subsequently, bundles were rebuilt (Sobkowicz et al., 1992 (Sobkowicz et al., , 1996 Zheng et al., 1999a; Gale et al., 2002) . These observations have important clinical implications, and they remind investigators that morphological recovery cannot be assumed to be due exclusively to regeneration, and modifications including repair should also be examined.
Recovery of synaptic contacts, organ structure, and ultrastructure
Other important early experiments defined additional features of hair cell regeneration in the avian inner ear. For example, researchers investigated the time-course of the regenerative response, the dynamics of nuclear migration and cell shape changes during regeneration, and the innervation of the restored sensory epithelium. Of particular interest was the demonstration, first made by Yehoash Raphael (1992) , of a stereotyped pattern of nuclear migration of the hair cell precursors during their transitions through the cell cycle (Fig. 3a) . This pattern reproduced the sequence of events seen by Corwin and Katayama during development of the avian inner ear Corwin, 1989, 1993) , further suggesting that many of the regenerative processes stimulated by injury had marked similarities to the processes that occur during normal development, a theme that exists throughout this research area. During this same period, a series of studies from the Rubel laboratory confirmed that supporting cells are the source of regenerated hair cells in damaged vestibular epithelia and showed that their nuclei migrate from near the basement membrane to the lumenal surface during mitosis. Rubel (1992, 1993; 1995) carefully studied the development of 3 H-thymidine-labeled cells after aminoglycoside-induced hair cell death, and Tsue et al. (1994) used markers of G1, S, G2, and M phases of the cell cycle to track mitotic activity in the avian vestibular epithelium damaged with ototoxic drugs.
Though supporting cells can produce new hair cells after noise trauma or aminoglycoside treatment, questions remained as to whether new cells would develop the mature stereotyped organization of stereocilia, enabling restoration of normal mechanotransduction, and form synapses with eighth-nerve afferents, enabling transmission of information from the periphery to the brain. Duckert and Rubel (1990) and Cotanche and Corwin (1991) investigated the time-course of stereociliary regeneration and maturation in the chicken basilar papilla after noise trauma or ototoxic drug treatment. Initially, the bundles on regenerated hair cells were disoriented, but around 4 days after noise exposure, they became realigned to one another and to surviving hair cells outside of the lesion (Cotanche and Corwin, 1991) . However, after gentamicin-induced hair cell death, there was a longer time-course of restoring stereociliary orientation (Duckert and Rubel, 1990) . By 10e12 weeks after gentamicin treatment, most regenerated stereocilia in the mid portion of the basilar papilla were oriented appropriately, but the entire basal end did not look normal for another 10 weeks. Likewise, after 20e25 weeks post-gentamicin treatment, stereotyped patterns of stereocilia height and number of stereocilia in each bundle were also restored (Duckert and Rubel, 1990) . This remarkable restoration of the positional gradients of stereociliary length and number, suggests a "memory" for these parameters resides in supporting cells or the basement membrane in the area of damage, or amongst surviving hair cells in nearby regions.
Afferent synaptic terminals formed on regenerating hair cells as early as one day after a 10-day gentamicin treatment protocol (Duckert and Rubel, 1990 ) and within 10 days of noise exposure (Ryals and Westbrook, 1994) . These initially immature-appearing terminals were found quite early, on immature hair cells, some of which had not yet reached the lumen nor formed stereocilia. Vesiculated terminals (presumably from efferent projections) were found most often on short hair cells (either erupted or not), and were evident around one week after gentamicin treatment.
Functional recovery
While restoration of synaptic contacts, stereociliary structure, and sensory organ organization were being examined, several groups investigated whether hair cell regeneration resulted in restored auditory and vestibular function. Studies using evoked brainstem potentials (ABRs) in chickens were the first to test the recovery of hearing after hair cell destruction. McFadden and Saunders (1989) examined recovery of ABR thresholds after acoustic trauma. In this situation, recovery appeared very fast and appeared to be largely independent of hair cell regeneration. They attributed this rapid hearing recovery to recovery of the tectorial membrane (Cotanche, 1987c) . However, when ABR thresholds were followed after aminoglycoside-induced hearing loss Tucci and Rubel (1990) showed that recovery of neural responses very closely follows a time-course similar to the production and differentiation of new hair cells (see also Girod et al., 1991) . Soon, behavioral and electrophysiological studies on quail, chickens, starlings, pigeons, and other avian species provided convincing evidence that after severe deficits due to a variety of ototoxic treatments, hearing returns to near normal levels of sensitivity following hair cell regeneration (fully reviewed in Bermingham-McDonogh and Rubel, 2003) . Psychoacoustic analyses on starlings (Marean et al.,1998 ) took these analyses a step further by studying the reemergence of spectral and temporal acuity during regeneration, and subsequent studies showed that even complex song recognition and production are restored after severe disturbances due to deafening (Woolley and Rubel, 2002; Dooling et al., 2006) . Similarly, several studies showed that regeneration of hair cells in the vestibular epithelium restores vestibular reflexes and eighth-nerve responses to normality (Carey et al., 1996; Goode et al., 1999; Boyle et al., 2002; Dickman and Lim, 2004) . Perhaps even more interesting is a later study showing that the central projections underlying the vestibulo-ocular reflex (VOR) do not recover fully when animals are maintained in strobe illumination (depriving them of retinal slip information), but rapidly assumed normal function when normal visual stimulation is resumed (Goode et al., 2001) . This study provides an important demonstration that the specificity of central organization does not remain perfectly intact in the absence of vestibular activation, but it can be rapidly restored through an unknown process when each part of the circuit is available.
What about hair cell regeneration in mature mammals?
Following the discovery of hair cell regeneration in the inner ear of birds, several investigators turned to rodents to investigate the possibility that this capability is present but greatly attenuated in the mammalian inner ear. They quickly established that supporting cells in the mature mammalian auditory sensory epithelium (organ of Corti) do not form new hair cells but instead maintain mitotic quiescence, even after hair cell damage (Roberson and Rubel, 1994; Sobkowicz et al., 1997) . In contrast, two important investigations by Forge et al. (1993) and showed that the mammalian vestibular epithelium contains mechanisms for more plasticity. Careful ultrastructural examination of utricles of gentamicintreated adult guinea pigs using both SEM and TEM revealed the reemergence of some cells with immature-appearing stereocilia bundles and undifferentiated cytoplasm, characteristic of developing hair cells (Forge et al., , 1998 . demonstrated that a small number of supporting cells in adult guinea pig and human utricles re-entered the cell cycle and divided when in culture. However, rates of supporting cell division in adult rodent utricles after in vivo damage were very low, and few if any of the newly formed post-mitotic cells differentiated into bona fide hair cells Rubel et al., 1995; Li and Forge, 1997; Kuntz and Oesterle, 1998; Ogata et al., 1999; Oesterle et al., 2003) . The conclusion from these studies was that some degree of hair cell replacement can occur naturally in mature mammalian vestibular epithelia, but neither proliferative nor non-mitotic mechanisms restore significant numbers of hair cells in the mature organ of Corti.
Approaches toward identifying key regulators of hair cell regeneration
Armed with the understanding that non-mammals mount a robust regenerative response to hair cell loss while mammals do not, it was clear early on that the focus needed to shift toward identifying molecular mechanisms that could robustly promote or inhibit supporting cells to form new hair cells in animals that DO regenerate hair cells (non-mammalian vertebrates) and those that do not mount a robust regenerative response (mammals). To address this problem, it was first necessary to develop in vitro models that enabled investigators to efficiently test specific hypotheses about potential regulators of hair cell regeneration. Two groups performed the initial experiments to develop in vitro preparations of inner ear sensory organs from mature birds or rodents (see Lambert, 1994) . Shortly thereafter, other investigators developed cell culture methods for purified avian and mammalian supporting cells (e.g., Warchol, 1995; Stone et al., 1996; Zheng et al., 1997) . Most early investigations focused on developing methods that enabled supporting cell division to proceed. Later, it became evident that more long-term cultures were required to observe hair cell differentiation (e.g., Shang et al., 2010; Slattery and Warchol, 2010; Lin et al., 2011) .
At this point, investigators selected candidate molecules to test for their ability to promote or inhibit regeneration using in vitro preparations. Some researchers reasoned that molecules identified as key regulators of hair cell regeneration in non-mammals might be manipulated in damaged mammalian tissue in order to coax regeneration. Others postulated that signals regulating hair cell development could be re-activated in mature damaged tissue to promote regeneration. Still others chose candidate drugs or growth factors to test, based on their roles in other systems. In all cases, investigators' primary goal was to drive mature supporting cells into the cell cycle or to identify signals that prevented this process. These approaches led to the identification of several molecules with the capacity to stimulate or block hair cell regeneration in birds and mammals (for reviews, see Oesterle and Hume, 1999; Oesterle and Stone, 2008) . For example, Oesterle et al. (1997 Oesterle et al. ( , 2000 showed that insulin-like growth factor 1 (IGF-1) and insulin can stimulate proliferation in cultures of mature avian utricles and basic fibroblast growth factor (FGF-2) inhibits cell proliferation in cultured avian inner ear sensory epithelia. Attempts to perform comprehensive screens for growth factors that induce proliferation in cultured developing mammalian organ of Corti did not yield many strong candidates (Zine and de Ribaupierre, 1998; Zheng et al., 1999b) , and technologies remain to be developed to examine cultured adult organ of Corti. However, transforming growth factor-a (TGF-a) did increase cell proliferation in cultures of mature mouse vestibular sensory epithelium (Yamashita and Oesterle, 1995; Lambert, 1994; Zheng et al., 1997 Zheng et al., , 1999b , and infusion of TGF-a with insulin into the ears of rats caused a modest amount of supporting cell division in the mature vestibular system (Kuntz and Oesterle, 1998; Oesterle et al., 2003) .
Investigators also took their quest for regulators of hair cell regeneration inside the cell, to look at molecules that more directly control cell cycle entry, progression, and exit. Some of the earliest studies addressed the role of the cyclin-dependent kinase inhibitor, p27 kip1 , in limiting the period of mitotic activity in the developing organ of Corti (Chen and Segil, 1999; Löwenheim et al., 1999) . These studies demonstrated that constitutive deletion of p27 kip1 significantly extended the normal developmental period of cell division in the organ of Corti and caused overproduction of hair cells and supporting cells. Unfortunately, supporting cells still established mitotic quiescence by the end of the second postnatal week. Nevertheless, subsequent studies of potential roles for manipulations of p27 kip1 and other cell cycle regulatory proteins continue to yield important results defining the role of several cell cycle regulators in supporting cell quiescence (White et al., 2006; Minoda et al., 2007; Laine et al., 2010; Oesterle et al., 2011; White et al., 2012) . Efforts to promote supporting cell division in mature mammals were accompanied by the search for molecules that control hair cell specification and differentiation. It is hoped that such molecules could be used to either promote new post-mitotic cells to differentiate as hair cells or to push supporting cells or other cell types to convert directly into hair cells (via direct transdifferentiation). Early studies focused on molecules that control the differentiation of hair cells during normal development. Huda Zoghbi and collaborators showed that the basic helix-loop-helix transcription factor, Atoh1, is necessary for hair cell differentiation in both auditory and vestibular epithelia (Bermingham et al., 1999) . Shortly thereafter, WeiQiang Gao and colleagues discovered that misexpression of Atoh1 in a non-sensory region of the cultured developing organ of Corti drove those cells to transdifferentiate into hair cells (Zheng and Gao, 2000) . More recent investigations in mature mammalian epithelia showed that Atoh1 can drive mammalian supporting cells to acquire hair cell features in cultured utricles and in vivo (Shou et al., 2003; Staecker et al., 2007) . The results of manipulating Atoh1 in vivo in the mature mammalian organ of Corti appear mixed. Some authors report robust regeneration and functional recovery, while others find less convincing evidence (Kawamoto et al., 2003; Izumikawa et al., 2005; Staecker et al., 2007; Schlecker et al., 2011; Liu et al., 2012) . Given Atoh1's remarkable ability to drive hair cell differentiation, investigators became interested in finding ways to promote Atoh1 expression in supporting cells using exogenous agents, which could be more therapeutically wieldy than gene misexpression. Studies in fruit flies and other animals had shown that Atoh1 transcription is strongly antagonized by signaling via the Notch receptor (reviewed in Lewis, 1996) . Early investigation of Notch signaling in the developing organ of Corti showed that it is critical for establishing correct cell types and patterning (Lanford et al., 1999) . In particular, deletion of the gene encoding Jagged2, a Notch ligand, resulted in hair cell overproduction at the expense of supporting cells. This finding was consistent with Notch's known role in maintaining sensory progenitors during development. The first study to implicate Notch signaling in hair cell regeneration in mature epithelia was Stone and Rubel (1999) , which demonstrated upregulation of Notch ligand expression was correlated temporally and spatially with renewed hair cell and supporting cell production. In essence, a developmental program of gene expression had been recapitulated. More recent studies have confirmed the inhibitory role of Notch in hair cell regeneration in neonatal and mature sensory epithelia from nonmammals (Ma et al., 2008; Daudet et al., 2009 ) and mammals (Doetzlhofer et al., 2009; Collado et al., 2011; Lin et al., 2011; Zhao et al., 2011) . To date, all studies that have blocked Notch activity to promote hair cell regeneration in mature animals have been performed in vitro; in vivo effects remain to be examined.
The future
Scientific efforts in numerous laboratories over the past 25 years have made major contributions to our understanding of hair cell regeneration as a mechanism for restoring hearing or balance function after injury in mature animals. They have demonstrated that most or all non-mammalian vertebrates readily regenerate hair cells after damage, and regenerated hair cells develop normal features, become innervated, and communicate effectively with the brain. Second, investigators showed that adult mammalian supporting cells in auditory and vestibular organs are rigorously blocked from re-entering the cell cycle after hair cell damage, and simple manipulations are only mildly effective in driving their reentry into the cell cycle. Third, it is now well established that adult mammalian vestibular epithelia contain some supporting cells with the capacity to directly convert into hair cells, but such ability remains to be demonstrated in the mature organ of Corti. Finally, the most recent studies demonstrated that some genetic manipulations can drive mammalian supporting cells to convert into hair cell-like cells, but so far, these manipulations seem to be most effective in the neonatal ear and are insufficient to restore inner ear anatomy and function to normal levels in mature animals.
The next phase of hair cell regeneration research has many challenges. Below, we define some of the major approaches that are currently being taken to promote higher degrees of hair cell replacement in mature mammals.
Identification of methods to induce hair cell regeneration in mature mammals
A major push is underway to define manipulations sufficient to drive adult supporting cells to form adequate numbers and types of new hair cells. To do this, investigators are taking advantage of exciting technological advancements in molecular biology, including gene expression profiling and in vivo manipulation of gene activity.
Gene expression (or transcriptional) profiling is one strategy being used to unravel the molecular cascades involved in supporting cell quiescence and proliferation in auditory and vestibular sensory epithelia. Utilizing this approach, researchers are identifying genes that are up-regulated, down-regulated, and unchanged during hair cell regeneration in non-mammals (e.g., Hawkins et al., 2007; Alvarado et al., 2011; Schuck et al., 2011) . They are also using genetic profiling in mammals to identify signals that may restrict supporting cells to quiescence. Comparison of supporting cell gene expression patterns in non-mammals and mammals after hair cell damage will provide important clues as to why adult mammalian supporting cells fail to mount a robust regenerative response, particularly in the organ of Corti. One strength of this approach compared to past approaches is it will identify genes that have not yet been associated with sensory cell fate determination and differentiation in the inner ear or in other tissues.
As the field becomes inundated with results from genetic profiling experiments, the next step will be to test the specific function of genes, gene combinations, and signaling pathways identified as potential regulators of hair cell regeneration. The zebrafish might be an excellent model for relatively quick, highthroughput screening of hair cell regeneration capacity in the presence of modulators of signaling cascades. Lateral line neuromasts are composed of both supporting and hair cells that are analogous in morphology and function to other species, but they reside on the outside of the fish allowing easy access to small molecules (reviewed in Brignull et al., 2009) . Small molecules that disrupt various signaling pathways can be applied to zebrafish in vivo to assess their direct involvement in the regenerative processes. Likewise, direct testing of candidate molecules can be accomplished in mammalian systems in vitro and in vivo. Transgenic mouse lines utilizing Cre-loxP and tetracycline-responsive element technology are used to conditionally control gene expression in specific cellular populations before, during, and after development (e.g., Sage et al., 2005 Sage et al., , 2006 . In such mice, the activity of individual genes can be manipulated in normal and damaged sensory epithelia in vitro and in vivo to test their role in supporting cell proliferation or hair cell differentiation. Use of adenovirally expressed vectors to force overexpression of specific genes or to deliver RNA sequences to knockdown gene expression also provides a solid method for testing hypotheses (e.g., Loponen et al., 2011; Zhao et al., 2011) . Not only can adenovirus technology prove useful in manipulating gene expression in cells to provide understanding of molecular mechanisms at work, but it also may serve as a route for genetic therapy in patients one day. A review of these approaches is provided in "Gene therapy for the inner ear" by Fukui and Raphael, in this issue.
Stem cells as a source for new hair cells
Several research groups are investigating ways to promote supporting cells or other cells inside the inner ear to divide or convert into hair cells. Another viable approach toward restoring hair cells is to introduce into the inner ear, cells from other sources that have the capacity to form hair cells. To accomplish this, investigators are studying different types of stem or progenitor cells, defining their capacities to form new hair cells, and characterizing ways to introduce such cells into the inner ear. A review of these efforts is provided in Okano and Kelley (2012) .
Conclusion
In the early 1980s, it was impossible for most auditory scientists to imagine clinicians could someday repair the damaged cochlea by inducing the production of new sensory cells to transduce sound into electrical signals conveyed to the brain. Today, thanks to work pioneered in the 1980s and 1990s, laboratories around the world are eagerly seeking ways to use the recent findings of modern biology to protect and repair the inner ear. The momentum driving this research will only continue to grow and propel the field to develop therapies to treat, and perhaps to cure, hearing and balance impairments.
